We show here that the Drosophila wing A/P boundary, too, is susceptible to fold and cleft formation and that these processes are suppressed by the T-box transcription factor Optomotor-blind (Omb). Using a targeted deletion encompassing the omb wing enhancer 
Introduction
The Drosophila wing is a popular model for the investigation of pattern formation and epithelial morphogenesis. The wing imaginal disc is subdivided into anterior (A) and posterior (P), dorsal (D) and ventral (V) compartments by lineage restriction boundaries (Brower et al., 1981; Vincent, 1998; Dahmann and Basler, 1999; McNeill, 2000; Irvine and Rauskolb, 2001; Tepass et al., 2002; Blair, 2003) . The wing disc consists of two opposing epithelial cell layers: the peripodial epithelium, composed of squamous cells, and the disc proper or main epithelium composed of columnar cells (Cohen, 1993) . Hedgehog (Hh) is secreted in P cells and then acts as a short range signal to direct the patterning of the central region of the wing (Burke and Basler, 1997; Mullor et al., 1997) . decapentaplegic (dpp) is a Hh target gene expressed along the A/P boundary. Dpp acts as a long range morphogen to pattern the whole wing by regulating, directly or indirectly, the expression of several target genes, among them brinker (brk), optomotor-blind (omb), spalt (sal), and vestigial (vg) (Zecca et al., 1995; Grimm and Pflugfelder, 1996; Kim et al., 1996; Lecuit et al., 1996; Nellen et al., 1996; Singer et al., 1997;  0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2007.11.006 Jazwinska et al., 1999; Minami et al., 1999; Podos and Ferguson, 1999; Mü ller et al., 2003) . In the periphery of the wing pouch (the primordium of the future wing blade), Brk cooperates with Omb and Sal to position the veins L2 and L5 (Sturtevant et al., 1997; Lunde et al., 1998; Cook et al., 2004) . Recent work showed that the Dpp and Hh signaling pathways are involved in epithelial morphogenesis of the wing disc (McClure and Schubiger, 2005) . In the main epithelium, loss of Dpp signaling causes extrusion of cells correlated with loss of the apical microtubule web (Gibson and Perrimon, 2005; Shen and Dahmann, 2005a) .
omb encodes a T domain transcription factor (Pflugfelder et al., 1992b) . omb is the only Drosophila representative of the Tbx2 subfamily which in vertebrates encompasses four members (Tbx2-Tbx5) all of which are involved in appendage development . With more than 150 kb, omb is one of the largest Drosophila genes. As the name suggests, omb was originally identified in its role in the development of the visual brain centres (optic lobes) (Heisenberg et al., 1978; Pflugfelder and Heisenberg, 1995) . omb is, however, also required for wing development (Grimm and Pflugfelder, 1996; Cook et al., 2004; Del Alamo Rodriguez et al., 2004) . Recently, a role of omb in establishing the A/P compartment boundary of the wing imaginal disc has been recognized. Anterior clonal cells lacking omb function migrate towards the P compartment and displace the normal position of the A/P boundary (Shen and Dahmann, 2005b) . Of 43 tested mutations (affecting genes involved in Hh, Dpp and EGFR signaling) heterozygosity of omb had the strongest effect on wing blade geometry, emphasizing the manifold importance of omb for wing development (Dworkin and Gibson, 2006) .
The complex developmental omb expression pattern is under the control of numerous enhancer elements. All optic lobe-relevant enhancers, identified so far, are located downstream of the transcription unit (hence, optic lobe regulatory region, OLR) (Brunner et al., 1992) . The 5 0 part to the omb gene, including the omb upstream regulatory region (URR) has been partly characterized using transgenic enhancer reporter constructs. Among others, a wing enhancer was identified in the URR (Sivasankaran et al., 2000) . We here investigate the role of the omb URR by creating a precise deletion encompassing most of the URR and by characterizing the developmental consequences in hemi-and homozygous mutant animals. The URR deletion mutant showed a strong reduction of Omb expression and an apical folding defect along the A/P boundary. Further investigation revealed that posterior reduction of Omb is necessary and sufficient to induce this aberrant fold. The defective morphogenesis correlated with the loss of the apical microtubule web. Cells in the fold did show, however, normal DE-cadherin distribution and maintained apical contacts to neighboring cells.
Results

Construction of omb upstream deletion mutant flies
Insertions of white + -marked transposons into the omb locus are characterized by a striped eye phenotype. Because of this striking phenotype, a comparatively large number of P insertions in omb is known (Tsai et al., 1997; Tang and Sun, 2002) . omb P3 (omb-Gal4 MD653 ) is a Gal4 enhancer trap line with the P-element inserted 1.5 kb upstream of the omb transcriptional start site (TSS). omb P2 is a lacZ enhancer line with the P-element inserted 30 kb upstream of the omb TSS, close to the distal end of the locus (Pol-2, Sun et al., 1995) (Fig. 1) . Transposase-mobilization of P-elements in omb P2 -omb P3w flies, which carried both inserts in cis, resulted in animals which had lost the genetic markers of both elements. These were characterized by genomic PCR and sequencing. In omb D(P2-P3w) line 2, which was used in the following, short remnants of both elements were still present but the intervening DNA was fully deleted. Genomic DNA outside the elements was not affected. Thus, a precise deletion of 28.5 kb of the omb URR was created.
Sexual dimorphic phenotype in omb
Homozygous omb D(P2-P3w) females were lethal, dying during larval and pupal stages. Hemizygous upstream deletion males were viable and by external inspection appeared nearly normal. Wing size was, however, slightly reduced compared with wild type (Fig. 2B) . A similar size reduction was observed in another omb hypomorph, omb bifid (omb bi ). omb bi is caused by an insertion in the first omb intron (Morgan and Bridges, 1916; Pflugfelder and Heisenberg, 1995) . In omb bi the two proximal vein stalks are fused in the hinge region (Fig. 2C) . The bifid vein-fusion phenotype was temperature-dependent, overlapping with wild type at 18°C and (in males) reaching full penetrance at 25°C. A close comparison of mutant wings of the two genotypes showed that overall size reduction was accomplished in different ways. In omb
, the distal wing blade appeared to be more affected than the proximal. In omb bi the pattern of regional reduction was inverse. Vein fusion was not observed in omb D(P2-P3w) hemizygotes, presumably because in this mutant Omb reduction is restricted to the pouch area of the wing disc (see below). At least one large ectopic bristle was observed with high penetrance on the ventral side of the distal tip of vein L3 in both omb D(P2-P3w) and omb bi adult wings ( Fig. 2A   0 and C 0 ). Formation of the ectopic bristle and of the A/P fold (see below) appear as unrelated phenomena because they arose in different parts of the wing disc. Bristle formation may be due to ectopic Notch and wg activation caused by reduced omb expression (Del Alamo Rodriguez et al., 2004) . In the wild type wing disc, Omb is broadly expressed in the pouch. This expression domain is symmetrical with regard to the A/P compartment boundary (Fig. 3A) . omb expression is controlled by both Dpp and Wingless (Wg) (Grimm and Pflugfelder, 1996) . In addition, omb is expressed in the dorsal and ventral wing hinge region (Fig. 3A) . Hinge expression is controlled by an independent enhancer (Grimm and Pflugfelder, 1996; Sivasankaran et al., 2000) . Omb expression in female and male omb D(P2-P3w) wing discs was uniformly reduced in the pouch but not the hinge region ( Fig. 3B and C) . Omb levels in the pouch were measured by the fluorescence of immunostained wing discs. Pixel values were integrated over the entire wing pouch area. The resulting measure was normalized by the corresponding wild type value. At a given temperature, reduction of Omb expression was more severe in the female (relative expression: 49.9% ± 4.7, n = 5) than in the male wing pouch (58.1% ± 6.3, n = 6). These values present only an approximation to the factual Omb reduction in the mutant wing discs. A rigorous determination of relative Omb expression levels requires measuring background staining in an omb protein amorph. Unfortunately, extant omb null mutants may still produce variant protein that can be detected by the polyclonal serum (Poeck et al., 1993) .
2.3.
Reduction of the OMB level causes an apical morphogenetic defect along the A/P boundary In the wing discs of omb D(P2-P3w) female larvae raised at 25°C and of male mutant larvae raised at 33°C, an ectopic furrow formed along the A/P boundary which could be visualized by fluorescent phalloidin (Fig. 3B , E, and F). The fold did not form when larvae were raised at lower temperatures [18°C for females (data not shown) and 25°C for males ( Fig. 3C) ]. Fluorescent phalloidin binds to filamentous actin and allows the visualization of changes in the cytoskeletal organization that are associated with furrow formation.
Counterstaining with the A cell marker Cubitus interruptus (Ci) (Eaton and Kornberg, 1990) showed that the furrow comprised of both A and P cells ( Fig. 3E and F) . When visualized in the x-z-plane, the furrow appeared as a V-like structure with apparently normal apico-basal polarity but an increased apical F-actin concentration ( Fig. 3E 0 and F 0 ). This suggests that a sufficiently strong uniform reduction of Omb in its entire expression domain caused an apical morphogenetic defect in cells along the A/P boundary. Fold formation occurred with low penetrance and expressivity also in omb bi wings (25°C)
but was very pronounced in the wing pouch of the strongly Fig. 1 -Structure of the omb locus. The central omb transcription unit is visualized in purple by its exon-intron pattern. It is flanked by extensive regions of regulatory DNA which on both sides reach close to the adjoining transcription units CG3626 and CG3556. Sivasankaran et al. (2000) identified a Dpp-responsive wing enhancer in the genomic fragment pomb7 around 25 kb upstream of the transcription start site. A major part of the upstream regulatory unit (URR) was deleted (between P2 and P3) by transposase-mediated mobilisation of both P-elements in cis. , overgrowth occurred at the dorsoanterior margin of the wing disc at the level of the presumptive wing hinge ( Fig. 3B and C) ; in omb bi and omb bi /l(1)omb
D4
the position of the overgrowth was in the anterior ventral pleura region ( Fig. 3H and I ). Like A/P fold formation the ventral outgrowth occurred with incomplete penetrance and variable expressivity in omb bi (e.g. Fig. 3G ).
2.4.
Posterior Omb reduction is sufficient to cause the apical morphogenetic defect
The aberrant cellular morphogenesis along the A/P compartment boundary suggested that reduction in Omb activity might cause a change in the relative cell surface properties of the A versus P cells population. This raised the question whether Omb needed to be reduced in both compartments or whether Omb reduction in one compartment was sufficient. Posterior reduction of Omb was accomplished by expression of omb-RNAi under en-Gal4 control. This led to strong apical fold formation along the A/P boundary of the larval wing pouch ( Fig. 4B and B 0 ). At the end of ontogenesis, a big gap separated A and P compartments in adult wings (Fig. 4E ). In contrast, anterior reduction of Omb by expression of omb-RNAi under dpp-Gal4 control did not cause aberrant folding of the larval wing pouch and did not cause gap formation in the adult wing (Fig. 4A , A 0 , and D).
Late in larval development, En is also expressed anterior to the A/P boundary (Blair, 1992; Mullor et al., 1997; Strigini and Cohen, 1997; Vervoort, 2000) raising the possibility that enGal4 directed Omb reduction actually spans the A/P boundary and that dpp-Gal4 directed Omb reduction is not contiguous with the A/P boundary. en and dpp enhancer trap patterns do, however, mark the A/P boundary (Blair, 1992; Teleman and Cohen, 2000) . Using the unambiguous marker of anterior fate, Cubitus interruptus, we show that, at the time when fold formation is observed (from mid-L3 onward) the reduction in Omb level elicited by ptc-Gal4, dpp-Gal4, or en-Gal4 driving omb-RNAi coincides with the A/P boundary (Supplemental figure ). More importantly, we have used clonal analysis to prove that posterior reduction of Omb is sufficient for A/P fold formation. Posterior clones in which Omb is reduced by RNAi form an apical fold where the clone runs along the A/P boundary (Fig. 4C ). Anterior clones disrupt the A/P boundary and were, therefore, not evaluated (Shen and Dahmann, 2005b) .
Omb levels of immunostained wing discs were quantified in the anterior versus posterior wing pouch of dpp>omb-RNAi and en>omb-RNAi and showed a similar strong reduction (to about 40%, Fig. 4 ) suggesting that Omb reduction by RNAi worked with similar efficiency in both compartments with these two Gal4 drivers. Omb reduction by RNAi was more effective than in the regulatory mutant omb D(P2-P3w) indicating the existence of additional regulatory elements outside of the deleted upstream region which drive low level omb expression in the wing disc. We conclude that posterior reduction of Omb is necessary and sufficient for the induction of the apical morphogenetic defect along the A/P boundary.
The apical morphogenetic defect is not caused by secondary changes in the expression of the Dpp receptor thickveins
The Dpp receptor gene thickveins (tkv) is repressed by Omb (Del Alamo Rodriguez et al., 2004) . Therefore, fold formation along the A/P boundary elicited by posterior reduction of Omb could be caused by an increase of Tkv activity in P cells. Expression of the constitutively active Tkv receptor gene tkv QD (Nellen et al., 1996) in the posterior compartment under en-Gal4 control did not cause fold formation (Fig. 5A ). This shows that tkv upregulation does not mediate the effect of reduced Omb activity in the A/P fold phenotype. Contrary to this, anterior overexpression of the constitutively active tkv QD allele or of wild type tkv in the dpp expression domain did cause apical fold formation ( Fig. 5B , C, and F). This overexpression was accompanied by a dramatic reduction of omb transcription and Omb expression in P cells (Fig. 5B and D) . In this case, posterior reduction of omb expression was due to a reduction of Dpp signaling in P cells as shown by the strong reduction of posterior P-Mad staining (Fig. 5E ). The latter is likely caused by sequestration of Dpp by overexpressed Tkv (Lecuit and Cohen, 1998) . The defective morphogenesis induced by overexpression of Tkv in the dpp expression domain is, therefore, probably also a consequence of reduced posterior omb expression. In the early pupal stage (5 h after puparium formation), a small gap developed along the A/P boundary at the distal tip of the wing (Fig. 5F ). By this time, A and P cells were already completely separated and formed two smooth apical surfaces as visualized by staining against DE-cadherin, a component of the apical zonula adherens (adherens junction) (Knust and Bossinger, 2002) (Fig. 5G ). This probably leads to the extensive cleft between A and P compartments which forms later in pupal development ( Fig. 5H ) and which in the adult can lead to a complete separation of anterior and posterior wing blade (Fig. 5I) . In cleft wings caused by posterior Omb reduction the posterior wing frag- b ment is characteristically shorter than the anterior fragment. This may reflect the requirement of Omb for the viability of distal wing tissue (Grimm and Pflugfelder, 1996) .
The apical morphogenetic defect correlates with a reduction of the apical microtubule web
Cell shape is governed by external contacts and by forces generated by the internal cytoskeleton. Adhesion junctions, actin cytoskeleton and microtubules are responsible for the cytoskeletal organization of epithelial cells (Schö ck and Perrimon, 2002). F-actin appeared slightly increased at the apical surface of cells within the A/P fold generated by reduction of Omb (Fig. 3E 0 , F 0 , and L 0 ). F-actin interacts with the apically located adherens junction of which DE-cadherin is a central component mediating homophilic interaction between neighbouring cells (Pilot and Lecuit, 2005) . Fold formation might be caused by a disruption of the apical adherens junctions in the defective cells. However, posterior reduction of Omb did not affect the concentration and localization of the adherens junction protein DE-cadherin as visualized by immunofluorescence staining ( Fig. 6B and C) .
In the pouch but not in the periphery of the third instar larval wing imaginal disc, microtubules are organized into an apical web (Eaton et al., 1996) . In order to assess potential changes in the tubulin cytoskeleton, we stained discs with anti-a-tubulin. The apical enrichment was largely lost in those A and P cells which were recruited into the furrow along the A/P boundary (Fig. 6E ). In the wild type wing disc main epithelium, the presence of the apical microtubule web correlates with Dpp signaling (Gibson and Perrimon, 2005; Shen and Dahmann, 2005a) . However, clonal loss of the Dpp target gene omb did not induce loss of the apical microtubule web (Fig. 6F) . Thus, loss of omb expression alone was not sufficient to induce attenuation of the apical microtubule web. Therefore, loss of the apical microtubule web in the defective cells could be a secondary effect of cell shape changes. This is supported by the observation that the apical microtubule web was also reduced in anterior defective cells even though their omb expression was not affected.
In the wild type third larval wing imaginal disc, the pouch region, corresponding to the future wing blade, is encircled by folds which separate different wing territories like, for instance, the presumptive wing blade from the wing hinge region (Fig. 3A) . In confocal cross sections, these endogenous folds appeared similar to the folds induced by Omb-reduction with regard to the localization of actin, tubulin, and DE-cadherin ( Fig. 6G and H) . 
2.7.
Apical A/P fold formation in the larval wing disc is not associated with cell death or abnormal proliferation Sharp discontinuity of Dpp signaling induces morphogenetic apoptosis (Adachi-Yamada and O'Connor, 2002; Manjon et al., 2007) . To test whether apoptosis was activated in the morphologically aberrant cells induced by posterior reduction of Omb, we visualized apoptotic cells by antibody staining against the activated form of caspase-3. Caspase-3 staining was not enhanced along the A/P boundary (Fig. 7A-C) . As an additional test for the relevance of cell death, we determined whether folds generated by posterior Omb reduction could be attenuated by the caspase inhibitor P35 (Hay et al., 1995) . Omb reduction caused by the posterior expression of the Dpp signaling antagonist Dad (Tsuneizumi et al., 1997 ) elicited a strong A/P fold which was unaffected by coexpression of P35 (Fig. 6C) . Mitotic activity was visualized by anti-phospho-histone 3 (PH3) staining (Su et al., 1998) , revealing that cells along the A/P boundary were still proliferating. (Fig. 7D-F and D 0 -F 0 ). Thus, apical fold formation did not correlate with cell death or a disruption of proliferation. The reduced cell cycle activity in A and P compartments of dpp>tkv QD wing discs ( Fig. 7F and F 0 ) is probably due to the local trapping of the Dpp ligand which is required for wing growth Martin-Castellanos and Edgar, 2002) . The data on mitotic activity rule out mechanical stress induced by overproliferation (Shraiman, 2005) as cause for A/P fold formation. 3.
Discussion
The A/P compartment boundary is a lineage restriction that prevents cells from entering the neighbouring compartment. Nonetheless, cells on both sides of the boundary have not been reported to differ morphologically (Brower et al., 1982; Gonzalez-Gaitan et al., 1994; Vincent, 1998; Dahmann and Basler, 1999; Irvine and Rauskolb, 2001; Blair, 2003) . Cells anterior to the A/P boundary respond to short-range Hh signaling by expressing the long-range morphogen Dpp (Zecca et al., 1995) . Dpp signaling is required for proper morphogenesis in cells of the main disc epithelium. In this tissue, the presence of the apical microtubule web correlates with Dpp signaling (Gibson and Perrimon, 2005; Shen and Dahmann, 2005a) . omb which is regulated by both Dpp and Wg in the wing pouch (Grimm and Pflugfelder, 1996; Sivasankaran et al., 2000) is specifically required in A cells for A/P cell segregation (Shen and Dahmann, 2005b) . Here, by analyzing the developmental consequences of reduced Omb concentration, we provide evidence that the posterior reduction of Omb causes an apical fold along the A/P boundary and show that this defect is correlated with a strong reduction of the apical microtubule web.
omb expression is controlled by regulatory regions upand downstream of the omb transcription unit
There are numerous enhancer and silencer elements which control the developmental expression pattern of omb. All brain-relevant enhancers identified so far are located downstream of the transcription unit (Brunner et al., 1992) . The omb upstream regulatory region (URR) has been partly characterized and was shown to contain a wing enhancer (Sivasankaran et al., 2000) . We here analyzed the role of the omb URR by creating a precise deletion of a large part of this region (encompassing the wing enhancer) and by characterizing the developmental consequences in hemi-and homozygous mutant animals. Omb expression was strongly reduced in the URR deletion mutant omb D(P2-P3w) . This led to the formation of an apical fold along the A/P boundary, more pronounced in female than in male mutant discs. The sexually dimorphic phenotype appears to be due to differential reduction of Omb in male and female wing discs ( Fig. 3B and C) . Omb is involved in the development of sexually dimorphic structures like the genital discs and the differentially pigmented abdominal tergites (Kopp and Duncan, 1997; Gorfinkiel et al., 1999) . Apparently, disturbance of the omb gene structure by insertions or deletions tends to impart sex bias on parts of the expression pattern, which normally are not differentially expressed. In omb D(P2-P3w) and omb bi , wing size was similarly reduced, overall wing shape being maintained in both cases. Each mutant revealed a characteristic size reduction pattern of the various intervein regions which make up the adult wing blade. This agrees with the notion that the development of the intervein areas is subject to differential gene regulation (Birdsall et al., 2000; Dworkin and Gibson, 2006) .
Reduction of Omb in P cells is necessary and sufficient to cause the apical morphogenetic defect along the wing disc A/P boundary
In order to answer the question whether a uniform reduction of Omb in both compartments is required or whether reduction of Omb in one compartment is sufficient to induce the morphogenetic defect, we reduced the Omb level in either A or P cells by overexpressing UAS-ombRNAi under the control of dpp-Gal4, ptc-Gal4, or en-Gal4 or by overexpressing UAS-dad under en-Gal4 driver control (Figs. 4-6) . The different strategies reduced Omb to similarly low levels in either the A or P compartment. However, formation of the apical fold occurred only when Omb was reduced in P cells (Fig. 4) , indicating the importance of a normal Omb level in P cells for the regular morphogenesis of cells along the A/P boundary. In en>ombR-NAi larvae, no folds were observed in leg or haltere discs (data not shown) in spite of the similar omb expression pattern in haltere and wing discs.
3.3.
Enhanced discontinuity of Dpp signaling along the A/ P boundary induces a folding defect that is mediated by reduced omb expression Dpp signaling can be monitored via the level of phosphorylated Mad (P-Mad). P-Mad staining across the wing pouch reveals an irregular profile of Dpp pathway activation reflecting the positive and negative influences to which Dpp signaling is subjected (Tanimoto et al., 2000) . The shape of this profile has a strong influence on how the wing develops (Crickmore and Mann, 2006; de Navas et al., 2006) . Proper Dpp signaling is required for cellular morphogenesis both in the main epithelium and in the peripodial membrane (Gibson and Perrimon, 2005; McClure and Schubiger, 2005; Shen and Dahmann, 2005a; Manjon et al., 2007) . Omb reduction causes up-regulation of tkv (Del Alamo Rodriguez et al., 2004) . When tkv or tkv QD was overexpressed in A cells along the A/P boundary, a boundary fold was generated along with a posterior reduction of Omb ( Fig. 5B and D) . The posterior decrease in omb expression is due to reduced Dpp signaling in P cells which again is caused by the sequestration of Dpp by anterior Tkv (Fig. 5E and unpublished data). Overexpression of tkv QD in P cells did not cause the morphogenetic defect (Fig. 5A) . Our results show that omb does not act via tkv. It appears that a certain Dpp signaling profile is required for appropriate omb expression and for proper morphogenesis of cells along the A/P boundary.
3.4.
The apical morphogenetic defect correlates with attenuation of the apical microtubule web Reduction of Omb induced an apical morphogenetic defect in both A and P cells with no obvious changes in DE-cadherin level or distribution within the fold. E-cadherin levels do not necessarily correlate with E-cadherin-mediated cell-cell adhesion (Gumbiner, 2000; Takeichi et al., 2000) . The structure of the ectopic A/P fold suggests, however, that the apical adherens junctions are maintained, except at the A/P junction itself where they are likely to become disrupted in the process of cleft formation during pupal development. In the affected cells, the apical microtubule web was strongly reduced (Fig. 6E) . The shape of a cell to a large extent depends on its cytoskeleton made up of actin microfilaments and microtubules (Ingber, 2003; Rodriguez et al., 2003) . Cells lacking Dpp signaling lose their apical microtubule web (Gibson and Perrimon, 2005; Shen and Dahmann, 2005a) . In omb null mutant clones, the apical microtubule web was still present (Fig. 6F) , indicating that loss of Omb is not sufficient to elicit reduction of apically localized microtubules.The latter effect was only observed when posterior Omb reduction abutted the A/P compartment boundary. Reduction of the apical microtubule web was confined to cells within the fold (similar to the increase in apical actin) and did not extend to the entire area of reduced Omb expression. On the other hand, changes in tubulin (and actin) localization also occurred in A cells where Omb was not reduced. Thus, Omb cannot directly elicit these changes.
During segmental groove formation in the Drosophila embryo, a fold forms at the boundary between En expressing and non-expressing cells. These folds are initiated unilaterally by apical constriction in a single row of En-positive cells (Larsen et al., 2003) . Similarly, the invagination of the Drosophila stomatogastric system is initiated by individual cells which coordinate the morphogenetic changes of the surrounding tissue (Gonzalez-Gaitan and Jä ckle, 1995). We assume that under conditions of low posterior Omb concentration a folding program is initiated in a row of cells adjacent to the A/P boundary which is then communicated to adjoining rows. In the well-studied process of ventral furrow formation, the diffusible protein Folded gastrulation (Fog) holds a central role in coordinating the necessary morphogenetic changes (Costa et al., 1994) . Recently, Couso and colleagues identified Tarsalless (Tal), an 11 amino acid oligopeptide, as essential for fold formation and tarsal segmentation in Drosophila leg development (Galindo et al., 2007) . Whether Fog and the other proteins involved in ventral furrow formation, or Tal are also required for (ectopic) fold formation in the wing imaginal disc is not yet known (Dawes-Hoang et al., 2005; Fox and Peifer, 2007; Kö lsch et al., 2007) .
3.5.
Susceptibility of the A/P boundary for fold formation
The two regulatory omb mutants (omb bi and omb
) caused a uniform reduction of Omb in the wing pouch. When this reduction was sufficiently strong (influenced by genotype, sex, and temperature), a fold developed along the A/P boundary. What makes this boundary particularly susceptible to fold formation? The A/P boundary is a dynamic structure which requires continuous synthesis of Hh by the En-expressing cells of the P compartment and also responsiveness of the adjoining A cells to the Hh signal (Dahmann and Basler, 1999) . It is not known what property Hh is inducing in A-cells to effect separation of the two cell populations. Omb is required in P-cells to prevent A/P-fold formation. Interestingly, posterior omb clones have no effect on the compartmental properties of the A/P boundary while anterior clones cause its destabilization (Shen and Dahmann, 2005b) . The role anterior Omb has in stabilizing the A/P boundary thus appears unrelated to the role posterior Omb plays in suppressing fold formation.
In general, segmental or compartmental boundaries eventually become morphologically apparent as folds or clefts (Tepass et al., 2002) . This, clearly, does not hold for the A/P boundary which in the adult wing runs between longitudinal veins L3 and L4 and which only can be recognized by histochemical staining. The A/P boundary, while morphologically inconspicuous, presents a sharp discontinuity in gap junctional communication (Weir and Lo, 1984) , in the expression of Ci (in A cells), En (in P cells), and in Dpp signaling activity (Tanimoto et al., 2000) . Spatial discontinuities in Dpp signaling cause Jun-N-terminal kinase (JNK)-dependent morphogenetic apoptosis (Adachi-Yamada et al., 1999; Adachi-Yamada and O'Connor, 2002) and fold formation (Manjon et al., 2007) . omb apparently is required to repress such a process. When Omb was reduced to medium levels, A/P fold formation occurred but was not associated with cell death. Strong reduction of elimination of Omb causes cell death in the centre of the wing blade during pupal development (Grimm and Pflugfelder, 1996; Del Alamo Rodriguez et al., 2004) . The insect wing is an intricate and highly conserved biomechanical structure (Breuker et al., 2006) . The central A/P boundary is considered exquisitely apt for patterning the wing imaginal disc (Dahmann and Basler, 1999) but, as outlined above, holds the danger of introducing structural discontinuity into the wing blade which would compromise flight performance (Dickinson et al., 1999) . In addition to the roles of Omb in wing development which were identified previously (Grimm and Pflugfelder, 1996; Cook et al., 2004; Del Alamo Rodriguez et al., 2004; Shen and Dahmann, 2005b; Dworkin and Gibson, 2006) Omb appears to safeguard wing structural integrity. Interestingly, all four closely Omb-related vertebrate Tbx2-subfamily genes are expressed in limb development (Simon, 1999; Ruvinsky and Gibson-Brown, 2000; Naiche and Papaioannou, 2007) . Heterozygosity for TBX3, TBX4, and TBX5 causes limb developmental defects in humans (Bamshad et al., 1997; Basson et al., 1997; Bongers et al., 2004) suggesting a conserved involvement of Tbx2-subfamily genes in limb development.
Adachi-Yamada and colleagues recently obtained findings similar to ours using the weaker omb bi allele. They attributed A/P fold formation in this omb hypomorph to hyperactivation of the Hh signaling pathway (Umemori et al., 2007) . This mechanistic interpretation at first glance appears at odds with our identification of the posterior compartment as the area in which Omb needs to be reduced for fold formation. Hh signaling only occurs in the A compartment because Ci is repressed posteriorly by En (Eaton and Kornberg, 1990) . Since anterior Omb reduction did not elicit fold formation, a fold-related role of Omb in signal transduction downstream of the Hh ligand can be ruled out. This can also be concluded from the observation that anterior Mad clones, in which omb is not transcribed, express patched, which is induced by Hh signaling, at normal levels (Shen and Dahmann, 2005b) . This leaves the possibility that Omb might be involved in the production of the Hh signal. hh expression is not affected in posterior omb clones (Shen and Dahmann, 2005b) . The release of the mature Hh ligand is a carefully controlled process involving autoproteolysis and N-and C-terminal lipid modification in producing cells. The efficiency of Hh as a signaling molecule is affected by these modifications (Ingham, 2001; Bijlsma et al., 2004; Callejo et al., 2006) . Omb could impact on Hh signaling by acting at the level of Hh signal production. This is in agreement with the observation of strong A/P fold formation in hh>hh flies (Umemori et al., 2007) . Alternatively, spreading of Hh across the A/P boundary could secondarily be affected by A/P fold formation. In Drosophila eye development, a morphogenetic furrow (MF) sweeps across the eye imaginal disc. The MF is formed as a consequence of synchronized transient apical constriction. Hh is required for MF formation; vice versa, in mutants in which MF formation is disrupted, Hh propagation across the furrow region is altered (Benlali et al., 2000) . Hh signaling prevents the proteolysis of Ci by a microtubule-anchored hetero-oligomeric complex (Robbins et al., 1997; Sisson et al., 1997) . A second discrepancy between our work and that of Umemori and colleagues concerns microtubule and F-actin localization. In the third instar wing pouch microtubules are enriched in an apical web (Eaton et al., 1996) and F-actin, too, (phalloidin staining) is enriched on the apical side (Gibson and Perrimon, 2005) . Our data ( Fig. 6D-H ) conform to these descriptions. Only in cells within the fold, the apical microtubule web is lost and the apical Factin is further enriched. Umemori et al. report phalloidin staining and alpha-tubulin immunoreactivity in a largely coinciding distribution predominantly on the basal side of the main disc epithelium, with apical staining only in cells of the fold. The reduction of the apical microtubule web which we observe raises the intriguing possibility that Hh signaling might be affected by changes in the microtubule network. While Hh has an eminent function in A/P compartment boundary formation, it is not its sole determinant. En is required for setting the A/P boundary independent of its role in the production of Hh (Dahmann and Basler, 2000; Irvine and Rauskolb, 2001 ). Omb could be involved in the latter En function. Further experiments will show at which level Omb acts to suppress the formation of the A/P fold.
4.
Experimental procedures
Drosophila stocks
Stocks were obtained from Bloomington and are described at http://flybase.bio.indiana.edu unless specified otherwise. Flies were reared at 25°C on standard medium (Pflugfelder et al., 1992a) . The following omb alleles were used: l(1)omb 3198 , l(1)omb D4 (Poeck et al., 1993) , omb bi (Morgan and Bridges, 1916) , and omb D(P2-P3w) (this work), omb P1 (X35) (Sun et al., 1995) , omb P3 (omb-
) , l(1)omb 3198 FRT19 (Kopp and Duncan, 1997 ). To eliminate genetic modifiers which may have accumulated in the omb bi stock over the last 90 years, we extensively outcrossed the mutant against isogenized flies with the DrosDel genetic background (Ryder et al., 2004) . This led to a slight enhancement of penetrance and expressivity of the wing vein fusion phenotype. UAS and Gal4 components (Brand and Perrimon, 1993) were obtained from: K. Basler (dpp-Gal4, UAS-tkv, UAS-tkv QD , act5c>CD2>Gal4, UAS-GFP), A. Brandt (en-Gal4), U. Hinz (ptc-Gal4) (Hinz et al., 1994) . The construction of UAS-ombRNAi is described below.
4.2.
Construction of a precise deletion in the omb upstream regulatory region Two P-elements located in the omb URR were brought in cis by intragenic recombination (the placW element omb P2 at À30 kb and the pGawB element omb P3 at À1.5 kb). To facilitate the simultaneous phenotypic detection of both P-elements, the white+ marker gene of pGawB in omb P3 was inactivated by ethyl methanesulfonate (EMS, Sigma) mutagenesis to yield omb
P3w
. The presence of this element was monitored in y w omb
; UAS-y adult flies by enhanced pigmentation of the third antennal segment . The presence of omb P2 could be followed by its striped-eye phenotype (Sun et al., 1995) . Both P-elements were mobilized by the D2-3(99B) jump starter (Robertson et al., 1988; Cooley et al., 1990) . Progeny were selected for the loss of both markers and were analyzed for the loss of intervening DNA by Southern blotting, PCR and sequencing. Of several positive lines, omb D(P2-P3w) line 2 was used in all experiments.
Generation of UAS-ombRNAi transgenic flies
Different regions of the 4069 bp omb cDNA (Pflugfelder et al., 1992a) were amplified by two pairs of primers each (region A, 346-1302, region B 1363-1916, and region C 2124-3211) . A, B, and C derived from the N-terminus, the T-domain, and the C-terminal region of the cDNA, respectively. All amplification primers contained 5 0 terminal restriction sites. Down-primers contained SfiI sites, up-primers contained EcoRI or XhoI sites. Amplified fragments were digested with the appropriate restriction enzymes. XhoI-SfiI and SfiI-EcoRI fragments (containing the same stretch of omb cDNA in forward and reverse orientation, respectively) were ligated into pKS/XhoI/EcoRI in a 3-component ligation. To facilitate cloning and expression of these large palindromes the ligated DNA was digested with SfiI. Into this site (in the centre of the palindrome) the SfiI-linkered omb intron 3 (180 bp) was introduced (Kennerdell and Carthew, 2000; Kalidas and Smith, 2002) . The intron-interrupted palindromic DNA was recloned as a XhoI-EcoRI fragment into pUAST (Brand and Perrimon, 1993) . Here, line C4 was used, expressing region B. The same effects were obtained with region C constructs.
Clone generation
Marked clones of mutant cells were generated by flippasemediated mitotic recombination (Xu and Rubin, 1993 ) subjecting first instar larvae to a 36-39°C heat-shock for 30 min. The larval genotype was l(1)omb 3198 FRT19/hsp-flp hsp-GFP FRT19.
Immunohistochemistry
Imaginal discs dissected from third instar larvae were fixed and stained with rhodamine phalloidin (Invitrogen) and appropriate primary antibodies at the indicated dilution: rat anti-Ci 2A1 (1:4) (Motzny and Holmgren, 1995) , rabbit anti-Omb (1:1000) (Grimm and Pflugfelder, 1996) , mouse anti-b-galactosidase (1:300) (Promega), rabbit anti-P-Mad (1:1500) (P. Ten Dijke), rabbit anti-GFP (1:2000) (Clontech), rabbit anti-cleaved-caspase-3 (1:100) (Cell Signalling), goat anti-E-cadherin (1:100) (Santa Cruz), mouse anti-a-tubulin (1:1000) (Sigma), rabbit anti-PH3 (1:200) (Upstate Biotechnology), and rabbit anti-P35 (1:2000) (Biocarta). Secondary antibodies (1:100) used were anti-mouse FITC, antimouse cy3, anti-rabbit FITC, anti-rat FITC, anti-rat cy3, anti-rat cy5 and anti-goat cy3 (Jackson Immuno Research). Images were recorded on a Leica confocal microscope. Average pixel intensity of Omb staining was measured using Image-J program.
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